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Experimental  studies  have  been  made  on  the  relative  transmission  of  positrons  and  negatrons  in  the 
energy  range  50-750  kev  through  aluminum  and  platinum  windows  of  an  end-window-type  G-M  counter. 
In  qualitative  agreement  with  the  theoretical  predictions  that  more  scattering  takes  place  in  material  having 
higher  atomic  number,  a platinum  foil  having  the  same  surface  density  as  a corresponding  alumi.num  foil 
shows  lower  relative  transmission  at  any  given  energy  even  though  the  low  energy  cutoffs  of  the  two  windows 
are  just  about  the  same  Also  in  qualitative  agreement  with  theory,  a larger  percentage  of  positrons  than 
negatrons  are  transmitted  at  any  given  energy  for  the  same  platinum  foil.  Theoretical  transmission  curves, 
with  an  empirically  determined  constant,  have  been  developed.  These  curves  are  in  relatively  good  agree- 
ment with  the  experimental  curves. 


I.  INTRODUCTION 

From  the  point  of  view  of  the  beta-ray  spec- 
troscopist  studying  nuclear  beta-  and  gamma-ray 
spectra,  a Geiger-Miiller  counter  window  introduces 
experimental  distortions  in  the  magnitudes  and  shapes 
of  low  energy  spectra.  In  practice,  methods  have  been 
devised  either  for  the  measurement  of  the  transmission 
coefficient  of  the  counter  window'"*  in  order  to  correct 
for  this  effect,  or,  attempts  have  been  made  to  eliminate 
the  counter  window  entirely.*  From  a more  fundamental 
aspect,  however,  the  problem  is  actually  a form  of  the 
general  problem  of  the  passage  of  electrons  through 
matter  which  has  been  a subject  of  much  study  since 
the  first  discovery  of  cathode  rays  and  which  has  re- 


Fig.  1.  Relative  electron  transmission  rj  through  a 7.32  mg/cm’ 
aluminum  G-M  counter  window  as  a function  of  the  electron’s 
incident  kinetic  energy.  In  this  and  subsequent  figures  the  circles 
represent  experimentally  determined  negatron  transmissions,  and 
the  plus  signs  experimentally  determined  positron  transmissions. 
The  continuous  line  is  the  theoretical  transmission  coefficient, 
v=vev/i  as  determined  by  the  method  discussed  in  the  text.  To 
show  the  relative  impoita.nce  of  tjn  and  ij;  at  various  energies  the 
theoretically  determined  curves  for  these  two  quantities  are  also 
shown  in  this  diagram. 


* Assisted  by  the  joint  program  of  the  U.  S.  Office  of  Naval 
Research  and  the  U.  S.  Atomic  Energy  Commission. 

* D.  Saxon,  Phys.  Rev.  81,  639  (1951). 

* Heller,  Sturcken,  and  Weber,  Rev.  Sci.  Instr.  21,  898  (19.S0). 

* C.  II.  Chang  and  C.  S.  Cook,  Nucleonics  10,  No.  4,  24  (1952). 
' Langer,  Motz,  and  Price,  Phys.  Rev.  77,  798  (1950). 


cently  been  investigated  intensively*"'®  in  the  range  of 
energies  considered  in  this  paper.  If  attacked  from  this 
point  of  view,  the  transmission  coefficient  i)  or  a G-M 
counter  window  foil  may  be  considered  as  consisting 
of  two  parts  which  we  shall  c_ll  rjs  and  rji.  The  quantity 
f)K  is  a measure  of  the  amount  of  elastic  scattering  of  the 
electrons  within  the  foil.  The  elastic  scattering  is  im- 
portant, since  some  of  the  electrons  do  not  pass  com- 
pletely through  the  foil  and  get  into  the  sensitive  region 
of  the  G-M  counter  because  they  are  scattered  through 
too  large  an  angle  to  enter  this  region.  The  second 
quantity  »;/  is  a measure  of  the  inelastic  scattering  be- 
tween the  passing  electron  and  the  atoms  of  the  foil; 
such  inelastic  scattering  may  lead  to  the  actual  stopping 
of  the  electron  within  the  foil.  The  total  coefficient  is 
the  product  of  these  two  parts  (ij=?jKi?r).  Actually,  of 
course,  these  two  quantities  are  not  entirely  statistically 
independent  one  from  the  other,  but  handling  them  as 
separate  entities  appears  valid  in  first  approximation 
and  leads  to  reasonably  good  results. 

II.  EXPERIMENTAL  RESULTS 

The  measurements  made  in  the  current  experiments 
on  the  relative  transmission  of  negatrons  and  positrons 
through  various  aluminum  and  platinum  G-M  counter 
windows  are  indicated  in  Figs.  1 through  5.  These 
represent  seven  sets  of  data,  since  two  of  the  figures  give 
results  for  both  positrons  and  negatrons  for  the  same 
window.  The  solid  lines  represent  a type  of  theoretical 
curve  which  w’ill  be  discussed  in  the  next  section. 

The  experimental  measurements  were  performed  on 
the  lens  spectrometer  previously  used*  for  this  purpose. 
However,  the  experimental  data  presented  here  were 
not  obtained  by  means  of  the  acceleration  technique’ 
but  were  obtained  through  a comparison  method.  Since 
all  aluminum  and  platinum  windows  used  for  the  cur- 

‘ Groetzinger,  Humphrey,  and  Ribe,  Phys.  Rev.  85,  78  (1952). 

• H.  J.  Lipkin,  Phys.  Rev.  85,  517  (1952). 

*11.  II.  Seliger,  Phys.  Rev.  88,  408  (1952). 

•Christian,  Dunning,  and  Martin,  Nucleonics  10,  No.  5,  41 
(1952). 

• W.  Paul  and  H.  Reich,  Z.  Physik  131,  326  (1952). 

>“  E.  Hisdal,  Phil.  Mag.  43,  790  (1932). 
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Fig.  2.  Relative  electron  transmission  n through  a 10.83  mg/cm’ 
aluminum  window.  See  caption  for  Fig.  1 for  ezplanatian. 


rent  experiment  are  relatively  thick,  as  G-M  counter 
windows  go,  a thin  2iapon  window  will  transmit,  within 
experimental  error,  100  percent  cf  the  beta-particles  at 
the  energies  under  consideration.  For  this  reason  one 
can  obtain  spectra  for  the  negatrons  (Ag*'“)  and  for  the 
positrons  (Cu*‘)  using  a thin  Zapon  window  and,  by 
comparison  with  the  spectra  obtained  using  the  thicker 
metallic  windows,  calculate  a relative  transmission 
curve  for  these  thicker  windows.  This  method  could 
be  applied  quite  simply  to  the  Ag“®  negatron  source 
since  its  long  half-life  allowed  the  same  source  to  be 
used  for  all  measurements  (with  appropriate  decay  cor- 
rections). However,  the  short  half-life  of  the  Cu“  posi- 
tron source  forced  the  preparation  of  a new  source  for 
each  set  of  data.  The  preparation  of  a Cu**  source  has 
been,  however,  so  sta  ndardized  that  it  was  possible  to 
prepare  two  or  more  such  sources  almost  identical  one 
with  t’ue  other.  Corrections  were  made  for  small  varia- 
tions. in  the  intensity  of  the  different  sources  through 
comparison  of  the  sources  with  a standard  long-lived 
scarce  under  conditions  of  a standardized  geometry. 

When  it  can  be  applied  and  when  measurements 
must  be  made  on  a number  of  different  sources,  the 
comparison  method  requires  less  expenditure  of  time 
than  does  the  acceleration  technique.  However,  slight 
discrepancies  between  the  two  techniques  still  appear 
in  the  energy  region  just  above  the  wjndow  cutoff. 

III.  THE  ELASTIC  TRANSMISSION  COEFFICIENT  vm 

Monoenergetic  electrons  entering  a foil  may  be 
elastically  scattered  through  any  (total)  angle,  depend- 
ing upon  the  number  of  individual  collisions  between 
them  and  the  atoms  of  foil  and  upon  the  angles  of 
scattering  in  'hese  collisions.  The  distribution  of  the 
electrons  upoii  leaving  the  foil  will  be  some  function 
P{6)  of  the  (total)  spatial  angle  of  multiple  scattering 
6.  The  form  of  this  function  will  dt\>end  upon  the  geo- 
metrical thickness  La,  the  number  density  of  the  atoms 
in  the  foil  N/V,  the  type  of  foil  material  (atomic 
number  Z),  the  kinetic  energy  of  the  incident  electrons 
R,  and  the  polarity  of  the  electron  charge  (negatrons, 


Z'e=  — c,  or  positrons  Z'e=-j-e).  The  elastic  transmis- 
sion coefficient  ij*  can  then  be  expressed  as 

r '"'pme,  (1) 


where  is  the  maximum  (total)  angle  through  which 
an  electron  may  be  scattered  by  the  G-M  counter 
window  foil  and  still  enter  the  sensitive  region  of  the 
G-M  counter.  For  ease  in  calculation  we  shall  normalize 
P{6)  in  the  interval  O<0<oo,  even  though  physically 
O<0<T,  since  the  form  of  P{0)  which  we  shall  use  is 
small  for  r<6<  ». 

In  the  present  paper  we  will  not  attempt  to  derive 
the  actual  form  of  P{6)  from  basic  theoretical  considera- 
tions. However,  we  will  show  that  the  crude  assumption 
of  a decreasing  exponential  function  of  d for  the  scatter- 
ing probability  per  unit  solid  angle  will  lead  to  results 
for  which  can  be  brought  into  approximate  agree- 
ment with  the  experimental  observations.  Such  a nor- 
malized function  is 

P{Q)dQ=-cP  exp(  — otO)  smQdO^o^  exp(— afl)W0,  (2) 

the  choice  of  this  function  being  initially  justified  on 
the  basis  that  it  is  a simple  function  which  at  least 
roughly  resembles  the  spatial  distribution  associated 
with  the  projected  “Gaussian”  plus  “tail”  distribution 
which  has  been  used  in  most  “small  angle”  multiple 
scattering  theories.  From  Eqs.  (1)  and  (2)  one  then 
obtains 

rj  “ I “ { CXp(  OcOmmx)  ) { 1 "h  j , 

with  a determined  via  the  mean  square  angle  of  mul- 
tiple scattering  by 


epp{e)de=6/a^, 


a=2A5/((Py. 


(3) 


There  then  remains  only  one  arbitrary  constant  within 
the  equation  for  »jk,  namely,  Omox ; for  our  counter  ge- 


Fig.  3.  Relative  electron  transmission  through  a 26.26-mg/cm* 
aluminum  window.  See  caption  for  Fig.  1 for  explanation. 
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ometry,  the  assumption  of  Omnx=l  radian  appears 
reasonable.  Thus,  the  equation  from  which  >jij  has  to 
be  determined  for  each  window  becomes 

exp[-2.45/(e»)J]){l+2.45/<«»)J}.  (4) 

The  mean  square  angle  of  multiple  scattering  can  now 
be  found  (in  the  “small  angle”  approximation)  from 
an  expression  involving  the  single  scattering  proba- 
bility distribution  through  an  angle  4>.“  Using,  in  addi- 
tion, in  this  expression  a “spin  orbit  correction”  factor 
>(<#>),'’  we  obtain  a formula  for  the  mean  square  angle 
of  multiple  scattering. 


<<P)= 


SrNLo/ZZ'e^\'  4>‘^{4>)d4> 

V \ pv  / Jo  {4>*-h‘^ln’}* 


(5) 


Here  the  foil  contains  NLo/V  atoms  per  unit  area;  p 
and  ti=^  are,  respectively,  the  momentum  and  ve- 
locity of  the  incident  electron ; 

[\MtncZymp)  { 1 .13-f-3.76(Z2V137^)’) », 


and  for  small  angles. 


IV.  THE  INELASTIC  TRANSMISSION  COEFFICIENT  ij, 

The  inelastic  transmission  coefficient  is  determined 
by  the  number  of  electrons  which  are  stopped  in  the 
foil.  Physically  known  quantities  make  it  easier  to 
calculate  the  numbe~  of  electrons  which  are  stopped 
rather  than  the  number  which  penetrate  the  foil.  There- 
fojc  it  seems  appropriate  to  define  a quantity  7ja=  1— tj/ 
which  represents  the  probability  that  an  electron  is 
stopped  in  the  foil. 

If  an  electron  possessing  a fairly  high  kinetic  energy 
enters  a piece  of  ma  terial  having  semi-infinite  extent,  it 
will  continue  to  move  until  it  has  been  rgbbed  of 
essentially  all  its  kinetic  energy  as  a consequence  of 
inelastic  collisions  involving  the  ionization  and  excita- 
tion of  the  atoms  of  the  material.  The  total  distance  X 
(effective  path  length)  which  the  electron  travels  before 
stopping  will  not  be  the  same  in  all  individual  cases 
but  will  instead  be  distributed  according  to  a proba- 
bility function  Ps(X)  which  is  in  first  approximation 
Gaussian : 

Ps{X)dX=cxp{-f/2(^))dy/(2r(y‘))i. 


-CxZZ'^/137](«^/2)[l- 1^/23. 


Here  y=X—R,  {X)=R  is  the  range  of  the  electron 
within  the  material,  and  (y*),  the  mean  square  range 
straggling,  is  in  first  approximation, 


Actually,  for  large  Z,  higher  powers  of  ZZ'I131  than 
the  first  contribute  to  y(4>),  but  these  cotilributions  are 
relatively  unimportant  at  the  rather  small  <t>  which 
make  the  major  contribution'*  to  (<!*). 


Fig.  4.  Relative  electron  transmission  y through  a 10.16- 
mg/cm*  platinum  window.  See  caption  to  Fig.  1 for  explanation. 
The  theoretical  transmission  coefficient  designated  by  tne  syinlxjl 
1J+  is  the  one  determined  for  positrons  and  that  designated  by  the 
symbol  t)_  is  the  one  determined  for  negatrons. 


G.  Moli^re,  Z.  Naturforsch.  2a,  133  (1947);  3a,  78  (1048); 
S.  Olbert,  Phys.  Rev.  87,  319  (1952). 

W.  A.  McKinley  and  H.  Feshbach,  Pliys.  Rev.  74,  17.S9 
(1948);  H.  Feshba.th,  Phys.  Rev.  88,  295  (1952). 

VVe  neglect  the  contribution  to  (^'  for  values  of  0 between 
x/2  and  ir.  In  this  region  both  the  Ruth,.rford  factor  in  Eq.  (5) 
and  the  spin  orbit  correction  factor  arc  not  accurately  given  by 
our  very  approximate  expressions,  but  we  may  ncvcrihclcss  esti- 
mate that  the  net  contribution  from  this  region  in  the  integration 
over  the  correct  single  scattering  distribution  is  small  compared 
to  the  net  contribution  of  ‘.he  region  between  9 = 0 and  9 = ir/2. 


(y»)=((.Y-/?)*)  = /P/2  ln(£/7) 

= FJ/32rr%W/  F)  •.^s*[ln(£/  0]=, 

where  E is  the  kinetic  energ)'  of  the  incident  electron 
and  I is  the  average  ionization  energy  (we  use  13.6Z  ev 
for  this  energy).  The  actual  small  difference  between 
the  R and  the  (jr)  values  for  (nonrclativistic)  negatrons 
and  for  (nonrelativistic)  [xisltrons  of  a given  energy.’  is 
neglected.  We  then  have 

9f=l-9.s=l-r  Ps{X)dX 
do 


= 1-{!/(2t(/))*1  f exp(— :i*/2(y*))t/y 
d-n 

= ^-  { 1/ (2ir(>-*))5}  I ^ exp(- y*/2(y))dy 


- f e.xp(-jV2<y'))dyl,  (7) 

•'r 


where  L is  the  effective  path  length  of  an  electron 


“See,  for  example,  H.  VV.  Lewis,  Phys.  Rev.  85,  20  (1952). 
Justification  for  the  use  of  Lewis’  theory  of  range  arid  of  range 
straggling  for  a nonrelativistic  charged  particle  (negatron  or  posi- 
tron) is  based  upon  the  fact  that  ij/  i.fft'cts  only  the  lower  energy 
portion  of  the  transmission  curve  (sec  Fig.  1).  For  higher  rel.a- 
livistic  electron  energies  rji  is  approximately  unity  and  the  trans- 
mis.sion  curve  is  determined  solely  from  tjk- 
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traversing  the  foil.  Using  the  results  of  Yang,“  one  has 
roughly,  (l+(^)/4)Lo;  also,  the  second  integral 
[in  the  last  form  of  Eq.  (7)]  can  be  dropped  since 
i?/(2<y*»‘=Dn(£//)]*»l,  while  the  first  integral  can 
be  found  from  available  tables'*  and  graphs.*’ 

The  results  of  these  calculations  for  »j/,  as  well  as 
those  for  and  the  combined  result  v^vxvr,  are  shown 
for  the  7.32-mg/cm*  aluminur.i  window  in  Fig.  1. 
Other  graphs  for  the  remaining  windows  show  only 
the  final  theoretical  result 

V.  DISCUSSION 

It  will  be  noted  that  (6f‘)  plays  a very  important  role 
in  the  present  work,  since  it  is  instrumental  in  the 
determination  of  both  iig  and  ij/.  Because  of  this  use 
of  the  “scattering”  approach  to  the  problem  of  window 
transmission,  it  is  valid  to  compare  our  results  with 
those  made  through  the  study  of  the  scattering  by 
various  materials  of  electrons  in  the  energy  range  con- 
sidered here  (from  about  30  kev  to  a few  Mev).  Quali- 
tatively the  results  agree. 

Our  results  show  that,  in  a high  Z material— platinum, 
at  a given  energy,  the  transmission  coefficient  for  posi- 
trons is  greater  than  for  negatrons;  in  agreement  with 
the  observations*"’  that  there  is  a greater  single  scat- 
tering of  negatrons  than  positrons  at  high  Z.  In  addi- 
tion, for  a given  foil  surface  density,  the  transmission 
coefficient  for  aluminum  is  greater  than  for  platinum, 
in  agreement  with  the  observations’-*  that  the  amount 
of  single  scattering  increases  with  larger  atomic  number 
of  the  scattering  material. 

For  comparison  of  our  distribution  function  L^q- 
(2)3  with  the  measurements  of  Hisdal*'*  on  the  scatter- 
ing of  0.5  Mev  electrons  in  an  Ilford  G5  emulsion,  we 
must  transform  our  distribution  for  spatial  angles  into 
an  equivalent  form  for  projected  angles.  Such  a trans- 
formation shows  that  the  projected  distribution  is 
appro.ximately  proportiona  1 to  c.\p(  — a i © | )C | f"> ! + 1 /«] 
where  0 is  the  projected  scattering  angle.  Using  the 
data  for  Ilford  G5  emulsions,  as  given  by  Voyvodic 
and  Pickup,'*  and  the  cell  length  given  by  Hisdal,  to 
determine  a,  our  distribution  is  in  rough  agreement  with 
Hisdal’s  experimental  results. 

“C.  N.  Yang,  Phys.  Rev.  81,  599  (1951).  This  formula  is, 
however,  applicable  only  to  small  angles. 

“ Table  of  ProbabilUy  Functions,  prepared  by  Federal  Works 
Agency,  Works  Project  Administration,  sponsored  by  National 
Bureau  of  Standards,  1941. 

n E.  Jahnke  and  F.  Enide,  Tables  of  Functions  (Dover  Publica- 
tions, New  York,  t04S),  fourth  edition,  pp.  25-25. 

'•  L.  Voyvodic  and  E Pickup,  Phys.  Rev.  85,  91  (1952). 


Fio.  5.  Relative  electron  transmission  n through  a 25.51-mg/cm* 
platinum  window.  See  caption  to  Fig.  1 for  explanation. 


As  has  already  been  mentioned,  the  distribution 
function  for  multiple  elastic  scattering  used  in  the 
present  calculations  is  of  the  same  general  shape  in  its 
“small  angle”  plane  projected  form  as  the  more  com- 
monly used  sum  of  a “Gaussian”  plus  “tail.”  Apart 
from  this,  possibly  the  only  virtue  of  our  distribution 
is  its  simplicity  for  numerical  calculations.  Considering 
this  and  the  number  of  additional  approximations  which 
have  been  made  in  the  determination  of  and  rj;, 
the  theoretically  determined  curves  for  17  are  in  not 
unsatisfactory  agreement  with  the  experimental  ob- 
servations. 

These  approximations,  it  will  be  recalled,  are  as 
follows:  (a)  the  omission  of  any  systematic  treatment 
of  the  inelastic  collision  energy  losses  in  the  treatment 
of  the  multiple  elastic  scattering  and  the  parallel  omis- 
sion of  the  effect  of  multiple  elastic  scattering  in  the 
treatment  of  the  stopping  j)robability  due  to  inelastic- 
collision  (b)  the  use  of  a crude  “small  angle”  exjwnen- 
tial  approximation  to  the  “Gaussian”  plus  “tail”  “small 
angle”  multiple  scattering  distribution  in  a physical 
situation  where  some  of  the  angles  of  multii>le  scattering 
become  quite  appreciable;  and  (c)  the  use  of  very 
approximate  ex])ressions  for  the  electron  range  and 
range  straggling.  In  spite  of  these  jrerhaps  mutually 
compensating  approximations,  the  agreement  between 
theory  and  experiment  seems  to  indicate  that  a future 
rigorous  calculation  of  the  transmission  coefficient  rj 
b.iould  yield  results  not  too  different  from  those  de- 
velo[)cd  here. 


’•  Except  in  so  (ar  as  our  use  o(  the  approximate  relation  between 
7.  am!  Lo. 
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Pseudoscalar  Interaction  in  the  Theory  of  Beta-Decay.  II* 

TiNO  AHiENSf 

WoshingloH  University,  St.  Louis,  Missouri 
(Received  February  24,  1953) 

It  is  shown  that  analysis  of  the  pseudoscalar  interaction  in  beta-decay  theory  results  in  the  appearance 
of  the  two  sets  of  nuclear  matrix  elements, 

f and  ^ 

Sp  denoting  the  angular  part  of  the  pseudoscalar  lepton  covariant  and  (V)  the  gradient  operation  on  the 
radial  part  of  this  covariant,  instead  of  the  single  matrix  element, 

As  a consequence  pseudoscalar  interaction  correction  factors  containing  derivatives  of  the  lepton  wave 
functions  are  deduced.  


1.  INTRODUCTION 

IN  the  theory  of  beta-decay,  the  transition  probability 
is 

P(W)dW=  (1/2j^)FCW(Wo-  \YdW,  (1) 

with  the  Fermi  function 

F=4(2^p)*<^')«'«|r(j+i5)|Vn(2i+l),  (2) 

5^=1 -(2/137)’, 
and  the  correction  factor 

C=--2ir|3/£|VF(lF’-l),  (3) 

where 

^V/£=Lv^(/|//mtv.|iX/|//int|t)  (4) 

denotes  the  transition  matrix  element, 

//  intAT  — 

-|-G(C(/3(r)Ar  03a)AT  ^Va<p] 

+Go[ff  A'  • ^i<r«p—  75aV'^75V>] 

+Gp(^yi)tfp^0yi,ip}Qff  (5) 

the  interaction  Hamiltonian  for  the  .'Vth  nucleon,  Q^r 
the  charge  coordinate  transformation  operator  for  the 
iVth  nucleon,  and  and  <f>,  respectively,  the  electron 
and  neutrino  wavefunctions  evaluated  at  the  position 
of  the  -Vth  nucleon;  the  sum  23at  is  to  be  extended 
over  all  nucleons ; G.,  ,.t,a.p  are  the  scalar,  vector,  tensor, 
axial  vector,  and  pseudoscalar  coupling  constants. 

2.  THEORY 

The  following  procedure  is  adopted  for  the  evaluation 
of  the  pseudoscalar  transition  matrix  element, 

MEp=-(J\fiytLp\i), 

* Assisted  by  the  joint  program  of  the  U.  S.  Office  of  Naval 
Research  and  the  U.  S.  Atomic  Energy  Commission.  The  article 
contains  part  of  a thesis  submitted  in  partial  fulfilment  of  the 
requirements  for  the  Ph.D.  degree,  obtained  under  a U.  S.  Atomic 
Energy  Commission  predoctoral  fellowship, 
t Now  at  Convair,  Fort  Worth,  Texas. 


0S7»  is  here  the  abbreviation  for  Gp  21n{Q^%)n,  and  Lp 
for  fp^Pytip):  Subtract  an  initial  state  many-nucleon 
Dirac  equation  from  a Hermitian  conjugate  final  state 
many-nucleon  Dirac  equation  after  the  first  has  been 
multiplied  from  the  leU  by  ^/*  Y,n{Q'/^nLp  and  the 
second  from  the  right  by  Integration 

and  rearrangement  then  yields 

2A/(/If37»J^pl  i)  = (H^i-  Wf)(J\y0^p\ i) 

+i(f  \ a { VLp)  I t)-f  (/I  [K,  76/.,]|  i),  (6) 

where  K is  a perfectly  general  intemucleon  potential 
energy  oj)erator  and  1F„  IV/  are  initial  and  final  state 
energy  eigenvalues.  Evaluating  the  radial  part  Rp  of 
the  lepton  covariant  Lp  at  the  nuclear  boundary  p 
wherever  possible,  transforms  Eq.  (6)  into 

2M(J\^y^p\ W/){f\y^p\i)Rp-]p 

+ i(/|  a-  {V0,}  I T)/?pl+f(/l  V - {V| 

+ (/l[^^  7.9p]i  (/|760p[F,  Rp-}\  i).  (7) 

But  in  a similar  way, 

2M{f\0y^p\i)^(]V,-  W,)if\y,dp\i) 

+ i(/i«r-  { V0p}  I i.)+  (/|[F,  75^] 1 1),  (8) 

whence,  multiplying  (S)  by  /?p]p  and  subtracting  the 
result  from  (7), 

,\fEp=  (f\PyiLp\i)^(f\0yidp\ i)/?p]p 

-f  (t72Af  )(/i0,a-{V|. ■)/?,)  p 

+ (l/2M)(/|7sep[F,i?p]li).  (9) 

The  analysis  thus  leads,  assuming  sufficiently  small 
velocity  dependence  in  V,  to  the  two  sets  of  nuclear 
matrix  elements  in  the  expression  for  MEp 

Opffyt  and  — fOp^r-fV},  (10) 
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Table  I.  Correction  factors  for  pcrity  change  transitions;  A/^O  (yes). 


P»  3 L 


C/o+/o'p)2o'  — (g_j-|-g_s'p)/-j'1  A'’T  f/a+/o'p)’+  (K-«+X-jV)’  6(gogo'  +/-?/  2') 
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-3(go'»  + /-2'«) 


+2*  I ff  r(  I fh, 


K* 


\*\gog>' K\ 


(/o+/«’p)g«— (?-i+g-i'p)7-i 


H CC^o+/o'p)/o+(g-j+g-j'p)K-J— 3(gi^+/-i*)— 3(g«i?o'-i-/-i/-«9p] 


■ + (/ogo‘ 


2M 


n2K  K* 

(«0*+/-i*)- Y(/»g.-/-tf-2).o+— [(/o^+g..2*)p’-3(g,*+/-i*)p»]  [43f>  I =C„'0-2p»F. 


2G.C 


/’ I /ogo'+/-j'?-2  ATgago'— /-j/  V (/«+/o'p)/o— {g-l+g-2P)g-2"l  r / r \ * I /ogo+/-2g-a 

I ^ A V J “ I ^ 


A'  r / r \*i  A-r(/,+/o'p)«o+(K-2+g.-.'p)/-t 

-jC(«o‘-/-2»^-*-l(/o*-g-t*)]  2Af+<J  ff-rj  j + -|^ (/ag, 


i'-f/-2'g-2)  I 


+ 


= Cay'°-2p‘F. 


2G,G,'j  Jff-r 


’ /o|o'  — AT  (/o+/o'p)/o+ (g-J  + g-l'p)g-l  gtgt'+f-if-i 

3 1 3p*  p 


]l 


t*f/ogO-/-rf-2  K 

+ i I I [J(/o*+g-.‘)-(go«+/-.*)]|2Af  }=C„“-2/.‘R 

p 3 


Table  II.  Correction  factors  for  parity  change  transitions:  A/  = 0,  i 1,  ±2;  no  0— *0,  J— *J,  (yes). 


3 ( ! /2'’+g-:'>  A'»r  (/,+//p)’  + (g-,+g-,'p)‘ 

G,-^  2|£,i|»  +- 


4|  i. 


' +2i  2 Ei,(Fi,y 


A’’  I 

— CC/»+/o'pt2o+ (g-2+g-2'p)5-2]  I 2.1/ 

P 9 1 


K* 


4-2!£.,|»  /.•+g-.»+-[/a*+«-2’V 

9 


4,l/> 


= Cy,'*-2f>^F. 


2G.G, 


i I AT  (/o4-/o'p)/o~  (S-2  + S-2V)K-21  a 

- 2 S.,(£i,)H - «o(A.,)’-r- 

fh'  9L  P*  9 


i /./.'-Ca-g-.'  A-’ 


-f-2  2 Gi,(£j,)*] L(/o+/j'p)/o— (g-^+g-/p)g-7]+2  C,,(£i,)*|  /i’  — g_j*H — (/o’— g-2*)p’  l2.f/  > =Cop'’-2/>’£. 


^C.,(£.,)|/ 


» 2.u|=( 


2G/7p'-|2fi.,(£o)*-l  - 

4!>'  9L 


AT  (/o+/o'p)/o+(g-2+g-2'p)g-2 


l+i  2 £.,(£„)  *H 

J C;  9 


[-  (/o’+g-..’)]2.i/  = r,„'>-2/>»/'. 


instead  of  the  single  matrix  element,  An  earlier 

paper’  deals  with  these  expressions  as  applied  to 
A/=0,  (yes)  transitions. 

A check  on  the  above  method  is  pntviiled  by  the 
calculation  of  the  pseudoscalar  transition  matrix  ele- 
ment in  the  one-nucleon  representation  of  the  initial 

* E.  J.  Konopinski  and  G.  E.  Uhienbeck,  Phys  R'  60,  308 
(1941). 

‘A.  M.  Smith,  Phys.  Rev.  82,  955  (1951). 

•Ahrens,  Feenberg,  and  PriinakofI,  Phys.  Rev.  87,  663  (1952); 
referred  to  as  I. 


and  final  states.  Here, 

= C,j  ( - X/'  (a'  • p+  I '.+  .r  • V,) 

X (IJ'/  f 2A/-f  K.+  o'  • V'2')-')C>f  ) 

V-z,p  0/ 

X(-(ird-2A/+K,-fo'-V2)-> 

X (o'  - p-f  Fj-l-o'-  V4)x,)(f'l),  (11) 
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in  terms  of  the  jne-nucleon  large  spinor  component:  x: 
the  connection  of  to  the  general  MEp  is  given 

by  tjie  independent  particle  model.  In  Eq.  (11)  Ei  * 1,4 
denote  combinations  of  the  one-nucleon  ])otentials  due 
to  all  five  covariant  interactions;^  a'  is  Pauli’s  spin 
operator.  Expanding  in  ascending  powers  of 

{W+V,+u'-Wr)/2M, 

and  droppmg  all  but  the  first  two  terms,  yields 

= J{x/(«r'-p+  P3+a'-V4) 

Xl~Lp/2M+  i\V,+  E.-fa'- V,)Lp/4Ar] 

- C-  Lp/2M+  Lp(ir.-f-  a'  • V*)/4A/*] 

X(a'p+E3+*r'-V4)x.)d»,  (12) 


the  order  to  which  the  latter  are  carried  is  insufficient, 
by  using  (a=  1/137) 

/_v  /=,lV<>-'>(lE-l)j.V {2S,x/.\V-ap)r 

\ 2y-f  I 

2 

-I [.SV;(2(47-f-3)lE2 

(27-f-l)’(7-f-l)' 

- fl  aZ  (47-1- 3) />  IE  - 5 ( 1 -f- 7) 

+ (l+7)(5^+rv^^>*j, 

p.K  ,-  = .4V*o-'>(lE-f-l)(o ^—(2eaZW+ap)r 

I 27+1 

2 

-I [fla"Z=(47+3)lE" 

(274-1)^7+1) 


which,  assuming  again  that  the  V are  velocity 
independent,  p>ermits  the  derivation  of  the  partially 
relativistic  approximation  to 

i)R:]p+i(J\&pO-[V\i)Rp)J2M,  (U) 

in  agreement  with  Eqs.  (9)  and  (10). 

3.  APPLICATION  OF  THEORY  TO  PARITY 
CHANGE  BETA>DECAY 

The  result  of  applying  the  above  theory  to  parity 
charge  transitions  is  exhibited  in  Tables  I and  II  in 
the  form  of  a pseudoscalar  square  correction  factor 
and  of  t nsor  pscudoscalar  and  axial- vector  pseudosaitar 
cross-correction  factors.  The  new  symbols  in  the  tables 
are  defined  as 


+ .i«Z  (47-f  • 3)/>l  I'  — 0 ( 1 f y)-p- 

+ (H  7)  (5-+7-) />=>-[, 

/ 1 ~"4 {2(ia/\\’-[  hp)r 

I 27+1 

2 

— [flrt’-Z^(47+.3)IE= 

(27+  1)’(7+  1) 

+ (;oZ(4-, :-'-a(l+7)W  . 

* 

where  /I  r(7  + ;5)|  (2/>)V(2lE)‘E(27+l) : thus, 

e.g. ,/■’==  2/1 -lEp-i*“'V^- with  iA'|  = l and 

E,  = 72/En’5<*>-’V/>« 


2r,r,- 


d7&- 


2r,r,-|r5„ 





, C7p'=— . 
2M 


Evaluation  of  the  tenns  containing  Coulomb  functions 
ai'd  their  derivatives  may  then  start  with  the  relations, 


(A-1) 

f-K-l, 


and 


/ aZv  (A'+l) 

^ II'+IH Jf-K-i  — 


^—fC—  \ y 


the  resulting  J-k-?,  g -K-?,  and  /_K-iXg-x-i  being  ob- 
tained by  using  the  ex])ressions  L,  M,  and  .V,'--  or,  if 

‘ From  a K<'neralize<J  one-nucleon  Dirac  e<|uaiion, 
(-«-p-;3.P-(3r,-l  -/3a- V,<«“> 

and,  with^  = (*'),  one  obtains  F,  = K.  t !'/'>;  F,=  F/»<'’-|- F/'’ ; 
F,=  Fp-F/>‘\  F,=  F,'^“>-  !'/“>. 


with  |A'|  = 2,  s,  = 4-(Z/137)^  7=A»-(Z/137)=.‘ 
a=-b{y/\V  — K),  b = Ky-{-b-/W , 
5=6^(1+1/IE)+7(7+A),  0 = 6+1-1/1E)+7(7-A'). 

4.  PLANE  WAVE  APPROXIMATION 

As  a check  it  is  opportune  to  {>erform  a plane  wave 
treatment  of  the  lepton  covariant.  Because  of  the 
simple  structure  of  the  individual  terms  witlim  the 
cxitonentuil  function  of  the  plane  wave,  the  evaluation 
of  the  radial  part  of  the  lepton  covariant  at  the  boundary 
of  tlie  nucleus  would  not  be  necessary  if  it  were  not  for 
the  particular  property  of  the  pseudoscalar  interaction 
to  possess  in  the  Coulomb  treatment  two  sets  of  nuclear 
matrix  elements  instead  of  one;  therefore  to  obtain 
manifest  agreement  with  the  results  of  the  Coulomb 
ailculations  the  ])lane  wave  calculations  must  also 
employ  relation  (9)  (witliout  the  last  term).  I'his  was 
done  and  agreement  achieved  with  the  Z = 0 limit  of 
the  expressions  in  Tables  I and  II,  upon  addition  of 
som.c  third-  and  fourth-order  tenns  in  p;  these  last 


‘ M.  E.  Rose,  Phys.  Rev.  51,  484  (1937). 
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however  are  very  small  and  were  not  entered  in  the 
tables. 

5.  CONCLUSION 

The  foregoing  should  enable  correct  treatment  of 
first  forbidden  transitions  with  an  arbitrary  amount  of 
pseudoscalar  admbcture.  This  is  at  present  particularly 


valuable  in  the  case  of  the  decay  of  RaE;  there,  how- 
ever, additional  corrections  due  to  the  finite  size  of  the 
nucleus  must  be  calculated. 

The  author  wishcf  to  thank  Professors  E.  Leenberg 
and  H.  Primakoff  sincerely  for  suggesting  this  work  and 
for  extending  their  advice. 
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The  angular  correlation  function  for  the  cascaded  gamma 
rays  of  1.32  and  0,99  Mev  in  Ti**  that  follow  the  positron 
decay  of  V<*  has  previously  been  reported.*  The  measurement  has 
since  been  repeated  by  two  independent  investigations, ’•*  results 
of  which  confirm  the  spin  assignment  0-2-4  for  the  first  three 
levels  of  Ti“.  In  addition,  negatron  decay  of  Sc**  is  found*-*  to 
yield  a third  excited  level  in  Ti**,  lying  about  1.05  Mev  higher 
than  the  second  excited  state.  On  comparing  the  gamma-ray 
sjiectra  of  Sc**  and  V**  in  a scintillation  spectrometer  we  find,  in 
agreement  with  Sterk  et  al.,*  that  the  l-.Mcv  peak  is  broader 
and  has  its  maximum  displaced  to  a slightly  higher  energy  for 
the  scandium  than  for  the  vanadium.  This  indicates  the  presence 
of  an  additional  gamma  ray  in  the  scandium  decay,  of  slightly 
higher  energy  than  the  0.99-Mev  quantum  but  too  close  to  be 
resolved  as  a separate  line  in  the  scintillation  spectrometer. 
Measurement  of  the  coincidence  rate  between  the  1-Mev  and 
1.32-Mev  peaks,  with  suitable  norraalixation  for  single  counting 
rates  and  use  of  an  empirically  determined  correction  for  variation 
of  scintillation  counter  efficiency  with  energy,  has  confirmed  the 
result  of  Hamermesh  etai.*  that  the  I.05-Mcv  line  in  the  scandium 


Fio.  1.  Tlie  angular  correlation  between  the  first  and  third  gamma  rays 
in  Ti*>,  Comparison  of  the  experinieutal  points  witli  cui '.-cs  plotted  for 
values  of  the  Fj  and  Pr  roeffirients  given  by  Arfken,  Bicdenharn.  and  Rose 
for  four  po.ssible  choices  of  tlie  spin  of  the  third  e.xcited  state  in  Ti**  estab- 
lishes that  this  level  has  spin  6 and  decays  by  nuadrupole  radiation. 


Co*»  Sc**  T.** 


l-'n;.  Z.  Decay  scheme  of  Sc’*.  All  .sp.iu,  parity,  and  energy  values  arc 
e.xperiment:dly  dHermined  except  the  parity  of  the  3.36,Mev  titanium 
level  and  the  scandium  grounrl  state.  The  f'arr  groun-1  .state  is  included  to 
show  its  iMisitio-r  relative  to  the  3c'*  ground  state, 

decay  is  in  cascade  with  the  0.99-  and  1.32-Muv  photons.  The 
exj)erinicnts  of  Pciper*  and  Harvey,’  using  respectively  d-p  and 
p-p  reactions  to  determine  the  nuclear  energy  levels  in  Ti", 
give  further  support  for  these  results  and  fix  the  order  of  the 
gamma  rays  to  be,  in  order  of  emission,  1.05,  1.32,  and  0.99  Ide  .'. 

We  have  measured  the  angular  correlation  function  between 
the  first  and  third  gamma  rays.  The  experimental  arrangement 
used  was  similar  to  that  described  in  reference  1,  except  that 
Nal(Tl)  scintill.Ttor?  and  differential  pulse  height  selectors  were 
used  in  order  to  accept  only  pulses  in  the  1-Mev  peak.  Coincidence 
rates  were  determined  with  one  of  the  pulse-height  channels  set 
below  and  then  above  the  1-Mev  peak,  in  order  to  insure  that 
the  measured  coincidence  rate  and  corresponding  angular  correla- 
tion was  not  between  “1-Mev”  lines  and  the  1.32-Mev  Compton 
distribution,  the  end  point  of  which  lies  at  1.1  Mev.  The  points 
in  Fig.  1 show  the  0.99-1.05  Mev  coincidence  rate  as  a function 
of  the  angle.  The  data  are  in  agreement  with  the  distribution* 

IF(9)=l-i-0.102P,(cosfl)-f0.0091P4(cosfl), 

which  holds  when  all  three  gamma  rays  are  quadrupole  and  for 
spin  assignments  0-2-4-6  for  the  ground  slate  and  first  three 
excited  stales  of  Ti**.  The  same  distrilmlioii  is  predicted  for  any 
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order  of  the  gamm.i  rays;  hence  this  is  a case  in  which  the  first 
and  third  gamma-ray  correlation  cannot  determine  the  order  of 
emission.  Curves  comimted  by  use  of  the  coefficients  given  by 
Arfken,  Biedenharn,  and  Rose*  arc  shown  for  other  possible 
values  of  spin  for  the  third  excited  state. 

Kuratb*  has  pointed  out  that  in  the  shell  model  based  on 
jj  coupling  and  static  central-force  interactions  between  nucleons, 
a nucleus  such  as  viSc'*,  with  1 proton  and  one  neutron-hole  in 
the  \fvt  level,  should  have  a ground-state  spin  of  either  the 
niazimum  possible  value  or  one  less  than  the  maxinium.  The 
spins  of  the  first  four  Ti**  levels,  together  with  the  allowed  classi- 
fication** of  the  h.64-Mev  beta  dec«.y  of  Sc*'  and  the  absence  of 
higher  energy  groups,  require  that  the  Sc**  ground-state  spin  be 
either  6 or  7,  in  full  agreement  with  Kurath’s  prediction.  The 
experimental  evidence  does  not  indicate  which  spin  is  the  more 
likely. 

On  the  basis  of  the  polarization-direction  correlation**  between 


the  0.99-  and  1.32-Mev  |>hotons,  even  jjarity  is  assigned  to  the 
first  two  excited  levels  in  Ti*'.  Direct  cvidc.irc  for  the  jjarity  of 
the  3.36-Mcv  level  is  lacking,  but  in  view  of  the  allowed  nature 
of  the  scandium  beta  decay  and  the  proijable  shell-mode!  assign- 
ment of  even  parity  to  the  Sc**  ground  state,  it  is  probably  also 
even.  The  decay  scheme  of  Sc*'  consistent  with  all  evidenoe 
reported  to  date  is  shown  in  Fig.  2. 

t AsslMetl  hy  the  Joint  program  of  the  U.  S.  OfSce  of  Naval  Kescardi 
Bml  the  U.  S.  Atomic  Knergy  Commtnion. 
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ABSTRACT 

A photographic  scattering  chamber  has  been  used  to  study 
the  elastic  scattering  of  5.1-ivlev  protons  by  deuterium  and 
10.2  Mev  deuterons  by  hydrogen,  these  being  the  same  process  in 
the  ceiiter-of-mass  system.  Differential  cross  sections  were 
obtaj.ned  from  16,A°  to  172.9°<«  These  are  in  good  agreement  with 
other  experimental  data  at  about  the  same  energy.  Comparison  is 
made  with  the  theoretical  angular  distribution  due  to  duckinghani, 
riubbof--,  and  Massey,  based  on  a symmetrical  exchange  force. 
Agreemont  is  close  at  this  energy,  favoring  exchange  retner  than 
orciLn'j:y  force  theories.  However,  at  higher  energies  ( 10-Mev 
p-d;  ;.'j.e  dJiVi  calculations  do  not  represent  tne  interaction 
sat.'.sr  -C'oo.ri.ly, 


"''Tne  ex aerimental  portion  of  thi.s  work  was  conducted 
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I.  Ii>iTRODUCTION 


The  proton-de\iteron  interaction  has  noiv  been  studied  at 
ve.^’icu.s  energies  frota  250  kev  to^AOiiiev,  inclvirllng  throe 
studies  at  approximately  5 iviev.^  The  present  report  contributes 


1,  R.  F.  Taschek,  Phys.  Rev.  13  (1942),  250  and  275  kev; 
Tuve,  Heydenberg,  and  Hafsted,  Phys.  Rev.  806  (1936), 

830  kev;  Sherr,  Blair,  Kratz,  Bailey  and  T'^chek,  Phys.  Rev. 
22,  662  (1947),  1«51,  2.08,  2.53,  3.00,  and  3.49  ^ev', 

Heitler,  iday,  end  Powell,  Proc.  Roy.  Soc.  (London)  .A190. 

130  (1047),  4.2  j4ev;  Rodgers,  Leiter,  end  Kruger,  Phys.  Rev. 

ft  656  (1950),  4.97  lAev;  Karr,  Jondelid,  and  Mather, 

ys.  Rev,  81,  37  (1950).  5.0  Mev;  L.  Rosen  and  J.  C.  Allred, 
Phys.  Rev.  ?77  (1951),  5*2  Mev;  Armstrong.  Allred, 
Bondelld,  853"  Rosen,  Phys.  Rev.  216  (1951),  9.7  Mev. 


further  data  at  5.1  Mev  over  a somewhat  wider  range  of  angles. 

The  data  were  acquired  by  scattering  both  5.1~Mev  protons  from 
deuterium  and  10.2-Mev  deuterons  from  hydrogen,  the  combination 
of  the  techniques  having  oovious  advantages  in  revealing  special 
errors  to  which  either  one  is  liable, 

II.  I'dETHOD 

The  apparatus  employed  consisted  of  the  photographic  scattering 

O 

chamber  described  in  an  earlier  puDlicaoion  on  proton*-proton 


2.  K.  B.  Mather,  Phys.  Rev.  82,  133  (1951). 

scattering,  and  its  manner  of  use  was  essentially  unchanged  In 
the  present  work.  However,  in  p-d  scattering,  scattered  and 
recoil  particles  are  different  end  distinguishable  and  were 
counted  separately,  loading  to  the  differential  scattering  cross 
section  in  the  laboratory  system  by  the  following,  formuia:' 


3.  This  formula  appeared  incorrectly  in  reference  2,  The  symbols 
are  defined  there. 


-2- 


<f  sin  O/N^pNi^b  siii^ 

Cor.Ycr-ilon  to  center-of-mass  cross  section  cT(9)  at  center-of- 
irass  angle  9 is  achieved  by  formulas; 

<T(9)»-  <f  (02^)*  (sln03^/sin0)^*  cos(8-0]^) 

if  scattered  tracits  at  angle  0i  are  counted,  and 
<r(0)-=  <r(02)/'^  COS02 

if  recoil  tracks  at  angle  ©2  are  counted,  tne  angl-::  relationship 
being 

9 =»  (tr-202)  • 

In  p-d  scattering  the  proton  may  be  scattered  at  all 
laboratory  angles  from  0 to  180’'  the  deuteron  recoiling  at  angle 
from  0 to  90®.  In  d-p  scattering  the  deuteron  has  a aiaximum 
angle  scatter  30®,  the  proton  recoiling  at  angles  from  0 
to  90  . Owing  to  the  fact  that  there  are  two  kinds  of  collision 
(hard  and  soft)  which  can  scatter  the  deuteron  at  any  angle  less 
than  30*’,  three  distinct  track  lengths  ap;'ear  in  the  phot.ogranhio 
emulsion  at  all  angles  below  30^'  — a short  deuteron  track,  a 
long  deuteron  track,  and  a recoil  proton  'orack. 

Approximate  ranges  in  huclear  Research  Emulsions  (Ilford  C2) 
are  listed  in  column  4 of  Tables  I and  II,  for  p-d  and  d-p  cases, 
respectively.  It  will  be  observed  that  it  is  always  possible  and 
generally  easy  to  distinguish,  by  their  ranges,  the  seATeral 
particles  which  appear  am  any  angle.  The  fact  that  one  plate  can, 
for  d-p  scattering  belov/  30^',  yield  three  scatcering  cross  sections 
aiidcvvS  the  method  with  special  merit.  These  three  value.s  serve 
as  related  ^triplets^  since  tney  derive  from  the  same  slit  unit 


rr 


and  precisely  the  same  geometry  is  used  In  computing  them.  They 
sh  therefore  be  very  roliaole  In  relative  value.  Similarly, 

in  p-d  scattering  below  90'  there  are  related  "doublets.” 

III.  EXPHRIMiiljTAL  DETi^JCI.S 

The  source  of  protons  and  deuterons  was  the  Washington 
University  45-inch  cyclotron.  The  beam  energy  was  redetermined 
during  every  run  by  measuring  ranges  in  a photographic  plate 
placed  at  the  45*  position  at  a small  angle,  ^ * 3®«  The  range- 
energy  data  of  Rotblat^  were  used,  leading  to  average  energy  values 


4.  .T.  Rotblat,  Nature  I67.  550  (1951). 

at  the  scattering  volume  of  5*1 0.1  mev  for  the  protons  and 
10,2  ± 0.2  Mev  for  the  deuterons,  in  the  laboratory  system. 

I'he  energy  of  each  individual  run  could  be  stated  rather 
more  precisely  then  this  but  as  the  beam  energy  appeared  to  vary 
slightly  from  run  to  run,  average  values  have  been  quoted  together 
v^ith  voioertainties  v/hich  cover  the  extreme  llralts  encounteredo 

The  deuterium  end  hydrogen  used  as  scattering  gases  were 
99.5  and  99.8  percent  pure,  respectively.  Experiments  were  usually 
conducted  at  a gas  pressure  of  approximately  1.4  cm  Hg  v/hloh  was 
low  enough  to  prevent  any  serious  multiple  scattering  effects. 

The  p-d  data  were  much  "cleaner"  then  the  d-p  due  parbioularly 
to  the  heavy  neutron  flux  which  is  always  associated  with  a 
cyclotron  accelerating  deuterons.  During  preliminary  luns  it  was 
found  tii0t  the  oackground  on  the  plates  due  to  'xnock-on  protons 
was  uaavy  and  would  have  complicated  the  scanulnr  imnecessarily. 

This  v/as  reduced  to  a few  percent  by  surrounding  the  scattering 
chaai'oor  with  a concrete  fort  16  inches  thick  on  the  side  facing 
the  cyclotrcrx  and  reinforced  about  the  collimator  witn  timber  blocks. 


uUuB  were  laado  at  several  different  exponuros  so  ss  to 
give  optlmu-’u  track;  density  over  oeoh  range  of  angles  to  feoilitate 
3c.Hun.ing.  The  method  of  scanning  was  tne  seme  as  desox j .ed  in 
reference  2.  In  cercain  cases,  however,  e.g, , d-p  runs  5 end  6, 
for  9 < 30 only  short  deuteron  tracks  v/ere  counted  as  these 
could  he  counted  quickly.  Covmting  long  deuterons  and  protons 
was  more  tedious,  requiring  ideal  exposure  conditions,  and  was 
only  considered  worthwhile  for  run  ?. 

IV.  RESULTS  Ai>lD  DISCUSSION 

The  final  values  of  seven  rims  are  listed  in  Table  I (p-d) 
and  Table  II  (d-p)  ranging  from  0 - 16.4"  to  172-.^.:'^,  anc  all 
data  are  shown  in  Fig.  1 as  cT(0)  versus  0.  The  total  number  of 
tracks  counted  was  105,500.  The  numbeir  contributing  to  each 
value  Is  given  in  parentheses  after  the  value  and  deterrir.es  the 
standard  deviation  of  the  value  imposed  by  the  count iirg,  other 
errors  are  the  same  as  listed  in  Sec.  VIII  of  reference  2,  The 
pro'oe’ilG  error  in  relstlve  values,  excluding  the  statistical 
error,  is -^0,4  percent, 

Carreotions  had  to  be  applied  to  rhe  p-d  follows: 

(1)  S atterlng  volume.  This  is  not  exactly  the  same  as  l.-nplied 
in  the  x^’oi-mula  for  (?"{0)  in  Sec.  II.  A correction  lac  to  be 
applied  only  st  0 = 165‘*'  and  amoxinted  to  0.7  percejjt.  (l)  Air 
leakage,  degassing  of  plates  and  equipment,  and  impure  g?:s<.  Th.is 
amount(3d  to  -^5  percent  at  0 ---  li°  and  declined  rapidly  ,.;t  larger 
angles.  (3)  Slit  width.  This  applied  only  wnere  the  cross 
section  was  changing  raoldl.y,  vv.^. , at  small  laboratory  angles 
where  it  amounted  in  several  cases  to  a fow  percentc 
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I'irailar  coiraotlous  Iricitl  to  thb  d~p  rune*  On  tho 

'.vholo,  the  p~d  scanning,  wna  .acre  ctr!*i,?,htiror\varcK  Fev/ar  coses 
of  c guous  tracir  lanrths  ocoarred  «ni  hence  nins  1 oic  should 
curr>  ‘ather  more  -.v eight. 

i.u  I’.in  6 the  tracks  wer^j  so  congested  that  only  short 
deutoron  tracks  could  he  counted  confidently  and  even  there  it 
was  ifrlt  that  some  tracks  might  be  overlooked..  This  may  account 
for  the  tendency  tov/ards  lower  values  in  this  run.  The  d~p  date 
show  considerable  scatter  at  9 * 30®  to  40**.  This  is  due  to  the 
difficulty  of  counting  accurately  the  short  proton  tracks, 
especially  at  30^.  These  t.rackB  are  only  7)i  in  mean  range  and, 
allowing  for  straggling,  some  of  the  tracks  are  too  short  to  be 
established  with  certainty.  In  run  4 the  value  at  30**  is  a lower 
limt,  Aoout  10  percent  more  "probables”  were  recorded  and  it 
sscar  likely  that  others  escaped  notice  altogetuer. 

ijoyond  about  160*^  the  s.wme  trouble  operates.  Some  short 
deutr'-ons,  especially  at  0 *-  l68.6^  and  172.9*^  may  be  missed, 
the  p - I data  vvnich  nave  better  statistics  in  this  region  would 
be  sipocted  to  suffer  from  the  seme  cau.oe  bat  seem  to  be  rather 
highex  in  value.  Probably  the  curve  begins  to  flatten  off  at 
cr  ue.j  ■’  160^  ns  predicted  by  tr.e  Buckingham,  Hubbard,  and 
Massey  theoryj  this  region  is  difficult  to  study  and  the 

present  data  are  not  conclxisive  beyor.d  about  l60  . 

Moreover,  v;here  this  er-^cr  exists,  multiple  scattering 

los'5S5.  will  also  be  at  their  worse  ano  due  to  the  ccsapllcated 

"compeixsating"  mechanism  { sso  Heo.  VllI  of  reference  2)  i t is 

very  difficult  to  esti’cate  the  consequences.  Lov/er  limit  values 

0 

are  pioflxed  in  the  tables  by  -t Other  values  which  are  sus- 
pected for  any  reason  {poor  scanning  conditions,  heavy  background, 
etc.)  are  prefixed  by  y..:. 


in  the  present  work  a’o solute  values  were  determined  by  two 
methocls;  (a)  By  laoasuring  the  charge  collected  on  a standard 
condenser  as  described  in  the  earlier  publications,  (b)  By 
assiiming  a value  for  the  absolute  cross  section  of  p-p  scattering 
{which  Is  established  to  a higher  degree  of  precision  than  any 
other  scattering  process)  and  determining  p-d  and  d-p  cross 
sections  relative  to  p-p.  The  reason  for  Introducing  (b)  is 
that  as  a result  of  a recheck  by  the  Bureau  of  Standards  some 
doubts  have  arisen  concerning  the  true  values  of  the  conden-sers 
at  the  time  this  work  was  carried  out. 

Cross  sections  v/ere  therefore  determined  relative  to  the 
p~p  rssaits  of  reference  2,  which  appear  to  be  consistent  with 
other  results  at  or  near  this  energy;  i.e.,  assuming  absolute 
p-p  cross  sections  to  be  in  accordance  vdth  pure  S-v/ave  scattering 
of  phase  shift  Jo-  54.  5°.  r le  derived  absolute  p-d  and  d-p 
cross  sections  agreed  with  those  measured  directly  (method  (a))  to 
2 percent.  The  cross  .sections  in  Tables  I and  II  are  the 
mean,  of  both  methods  and  are  believed  to  have  an  accuracy  in 
cbsoli.ir,  ^ value  of  ±.2  percent  (probable  error)  taking  accouiit  of 
all  sou. .'CCS  of  systeraatic  er.ror  which  have  been  recognized  but 
not  including  the  effect  of  statistical  error  on  the  individual 
values. 

In  Fig.  1 ell  the  experimental  points  of  the  present  '.vo?‘k 
have  oeen  plotted.  The  point  at  0 - 16.4.“’  is  uncertain  but  seems 
CO  be  consistent  v/ith  purely  Rutherford-Darwin  scattering  in- 
riicftin.i  that  the  scattering  .is  essentially  Coulonibian  below 
t.hi.s  .er;:le.  The  ruinimum  cross  section  at  this  energy  occurs  at 
..ipp.ro.x.lHately  112^  in  the  centci—of-mass  system. 


~f'~ 

Tiie  full  curve  (3HM)  represents  the  oalculated  angular 

5 

distrloutioii  of  5-Mev  protons  due  to  Buckingham  et  al.  based 
on  a symmetrical  exchange  force  as  in  the  earlier  work  of  Bucking- 
ham and  Maasoy,  but  including  allov/anoe  for  D-wave  scattsring- 
Th.e  new  calculations  are  markaaiy  superibii^'in  representing  the 
bheervations  at  large,  angles  ( see  comparison  with'earlierpth^^^^^ 
Karr  et  al.,  reference  1)  and  appear  to  represent -ther^g 
^experimental  facts  of  p-d  scattering  fairly  satisfaetorily  from 

— : - '•  "■  • ■ . . • . r'-  .; 

_ .... 

- about  ~2  to  5 Mev.-  In  absolute  value  at  5 Mev  the  theoretical^ 
curve  would,  fit  the  data  cottor  if  percent  lower. 


Out  Amstrong  et  al*  iC  see  referehoe  bb'"' 

^compared  rcughly  with  the  SHM  calculations  at  11.5  ,Mev  and  here 


;^thb_, agreement  la.  poorr^rThe  experimental  curve  rises  much  more 
large  angles  and  also -shows  no  tenl-enoy  to  flatten 


gaf#4>-etweeB..  ab^>ut--^---  aad,..bQr  as  predicted  by  BHili.  - These  dis- 


‘‘^rgpancies  seeni_t6 


fe- 


also  Tsy-high:  energy  scatter-^ 


Bart  o|‘^he. scanning  involved  "in _thls -project  was  carried 
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SCATTERING  AJ^GLE  G IN  CM  SYSTEM 


O.VlBT.e  1.  DIFP’ERENTIAL  GROSS  SECTIONS  DERIVED  FROM  TWO  t>-d  SCATTERING  RUNS  AT  5.1  Kov. 

THE  FIGURES  IN  PARENTHESIS  ARE  HITLERS  OF  TRACES  CONTRIEUTIKG  TO  THE  VALUES, 
IN  TiiE  THIRD  COLUMN,  p INDICATES  SCATTERED  PROTON  AND  d RECOIL  DEHTERQH. 
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